Cytosolic dynamin-related protein 1 (Drp1, also known as DNM1L) is required for both mitochondrial and peroxisomal fission. Drp1-dependent division of these organelles is facilitated by a number of adaptor proteins at mitochondrial and peroxisomal surfaces. To investigate the interplay of these adaptor proteins, we used geneediting technology to create a suite of cell lines lacking the adaptors MiD49 (also known as MIEF2), MiD51 (also known as MIEF1), Mff and Fis1. Increased mitochondrial connectivity was observed following loss of individual adaptors, and this was further enhanced following the combined loss of MiD51 and Mff. Moreover, loss of adaptors also conferred increased resistance of cells to intrinsic apoptotic stimuli, with MiD49 and MiD51 showing the more prominent role. Using a proximity-based biotin labeling approach, we found close associations between MiD51, Mff and Drp1, but not Fis1. Furthermore, we found that MiD51 can suppress Mff-dependent enhancement of Drp1 GTPase activity. Our data indicates that Mff and MiD51 regulate Drp1 in specific ways to promote mitochondrial fission.
INTRODUCTION
Mitochondria are highly dynamic organelles whose movement and shape are governed by cytoskeletal interactions along with balanced fission and fusion events (Labbé et al., 2014; Lackner, 2014; Mishra and Chan, 2014; Richter et al., 2015; Roy et al., 2015) . Mitochondrial fission and fusion is tuned to the bioenergetic state of the cell (Toyama et al., 2016; Wai et al., 2015) , and is also important for quality control and mitochondrial inheritance (BanIshihara et al., 2013; Lackner, 2013) . Defects in fission and fusion have been linked with neurodegenerative diseases such as Alzheimer's, Huntington's and Parkinson's diseases (Chen and Chan, 2009 ). Mitochondrial fission is mediated by dynamin-related protein 1 (Drp1, also known as DNM1L), a large cytosolic GTPase that is recruited to the surface of the organelle by the adaptors Mff, MiD49 (also known as MIEF2) and MiD51 (also known as MIEF1) (Gandre-Babbe and van der Bliek, 2008; Ingerman et al., 2005; Legesse-Miller et al., 2003; Otera et al., 2010; Palmer et al., 2011; Zhao et al., 2011) . Whereas MiD49 and MiD51 are exclusively found on the mitochondrial outer membrane, Mff is additionally located on peroxisomes where it can also recruit Drp1 for fission (Koch et al., 2003; Otera et al., 2010; Palmer et al., 2013) . Fis1, originally thought to be a Drp1 adaptor in both mammals and yeast (James et al., 2003; Mozdy et al., 2000; Stojanovski et al., 2004) , has more recently been proposed to function in mitophagy (Shen et al., 2014; Yamano et al., 2014) . However, the role of Fis1 in homeostatic fission is still controversial.
In addition to Drp1 and adaptors, mitochondrial fission also involves the endoplasmic reticulum (ER) and actin, which aid in the formation of constriction sites for Drp1 assembly with Mff (Friedman et al., 2011) and MiD proteins (Elgass et al., 2015) . To date, it has not been clear whether these adaptors interact and/or perform separable roles in Drp1-mediated mitochondrial fission. Mitochondria also house and release pro-apoptotic molecules such as cytochrome c and, as such, are central to the regulation of the intrinsic cell death pathway (Martinou and Youle, 2011; Youle and Karbowski, 2005; Youle and Strasser, 2008) . Whereas Drp1-dependent mitochondrial fragmentation is known to precede caspase activation, mitochondrial outer membrane permeabilization and cytochrome c release, it is not clear whether the adaptors used are the same as those employed for homeostatic fission (Youle and Karbowski, 2005) .
Here, we report on the generation of a suite of Drp1-adaptorknockout mouse embryonic fibroblasts (MEFs) and a Drp1-knockout MEF cell line to investigate the role of each adaptor protein and to further understand how these proteins interact and contribute to Drp1-mediated fission. Our findings indicate that loss of both MiD49 and MiD51, and MiD49 and MiD51 together with Mff confer resistance to cell death, with etoposide-treated cells retaining more cytochrome c in mitochondria than MEFs lacking only a single adaptor protein. In addition, proximity-based labeling techniques revealed that MiD51 and Mff are contiguous on the mitochondrial surface, suggesting that they interact at sites of Drp1-dependent mitochondrial fission. We also provide evidence that MiD51 and Mff can act concurrently in Drp1-mediated fission processes by regulating the rate of Drp1 GTP hydrolysis in opposing directions.
RESULTS

Characterization of gene-edited Drp1 adaptor MEFs
To understand the role played by adaptor proteins in Drp1 recruitment and subsequent mitochondrial fission, we generated a suite of single (ΔMiD49, ΔMiD51, ΔMff, ΔFis1 and ΔDrp1), double (ΔMiD49/MiD51), triple (ΔMiD49/MiD51/Fis1) and quadruple (ΔMiD49/MiD51/Mff/Fis1) MEF knockouts using gene-editing approaches. Genomic insertions and deletions (indels) resulting from gene-editing clearly showed disruptions to MiD51, Mff and Fis1 in cell lines (Fig. S1A-G) . When observing the steady-state levels of morphology proteins in the absence of Drp1 adaptors, it appeared that loss of one or multiple adaptors did not affect the levels of the other adaptors still present (Fig. 1A) . Although individual deletion of MiD49, MiD51, Mff or Fis1 did not appear to drastically change the mitochondrial morphology, or the extent to which Drp1 localizes to mitochondria, deletion of multiple adaptors increased mitochondrial connectivity and reduced Drp1 association with the mitochondrial outer membrane (Fig. 1B,C) . [Residual Drp1 signal present on mitochondria lacking all adaptors (ΔMiD49/ 51/Mff/Fis1) might be due to non-specific signals or Drp1 involvement in ER-mitochondria contact-site formation or F-actin contacts at mitochondria.] Mitochondrial morphology and Drp1 correlation at mitochondria was not significantly different between ΔMiD49/51/Mff MEFs and ΔMiD49/51/Mff/Fis1 MEFs, supporting previous findings showing that Fis1 does not contribute significantly to mitochondrial fission in normal cell homeostasis (Otera et al., 2010) .
In order to study the connectivity of mitochondrial networks in the gene-edited MEFs, fluorescence recovery after photobleaching (FRAP) was employed using a matrix-targeted GFP that is fully diffusible. As can be seen (Fig. 1D ,E), mitochondrial connectivity was most enhanced in ΔMiD49/51/Mff MEFs and ΔMiD49/51/Mff/ Fis1 MEFs, reaching similar levels to that seen for ΔDrp1 MEFs. As well as affecting mitochondrial connectivity, deletion of Mff caused elongation of peroxisomes ( Fig. 2A) as reported previously (Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010) . Additional deletion of MiD49, MiD51 and Fis1 did not further increase peroxisome length, suggesting that, of the known adaptor proteins, Mff, contributes most to peroxisome division ( Fig. 2B ; Fig. S2A ). Loss of adaptor proteins did not seem to affect ERmitochondrial contact sites, with mitochondrial constriction sites and ER tubules observed at similar levels in WT, ΔMff, ΔMiD49/ 51, ΔMiD49/51/Mff, ΔMiD49/51/Mff/Fis1 and ΔDrp1 MEFs (Fig. S2B,C) . In addition, F-actin morphology did not seem to be noticeably affected in ΔMiD49/51/Mff or ΔMiD49/51/Mff/Fis1 MEFs (Fig. S2D) .
To assess the role of the individual adaptors, ΔMiD49/51/Mff/ Fis1 MEFs were transfected with plasmids expressing GFP fused to MiD49, MiD51, Mff or Fis1. Re-introduction of MiD49-GFP or MiD51-GFP into ΔMiD49/51/Mff/Fis1 MEFs was sufficient to fragment mitochondria and recruit the cytosolic pool of Drp1 to mitochondria (Fig. 2C) . Expression of GFP-Mff rescued both the peroxisomal and mitochondrial elongation associated with the knockout of all adaptor proteins (Fig. 2C) . Conversely, reexpression of GFP-Fis1 was not able to shift the morphology of mitochondria from a fused to a more reticular state, nor was it able to recruit Drp1 in the absence of MiD49, MiD51, Mff and Fis1 (Fig. 2C) . These results indicate that MiD51, MiD49 and Mff can independently recruit fission-competent Drp1, whereas Fis1 is incapable of the recruitment.
Loss of Drp1 adaptors confers resistance to cell death
Cells harboring defects in mitochondrial fission ( phenotypically presenting as elongated mitochondria) have been reported to be less sensitive to CCCP-induced mitochondrial fragmentation, presumably due to the lack of Drp1 recruited to mitochondria (Ishihara et al., 2009; Loson et al., 2013) . To determine whether this is the case in gene-edited MEFs, we assessed their resistance to CCCP-induced fragmentation (Fig. 3A) . Gene-edited MEFs were treated with 20 μM CCCP for 2 h and mitochondrial morphologies observed and quantified (Fig. 3A,B) . ΔDrp1 MEFs were used as a positive control, as they are well documented to resist fragmentation upon uncoupling (Ishihara et al., 2009) . ΔMiD49/51, ΔMiD49/51/Mff and ΔMiD49/51/Mff/Fis1 MEFs largely retained an interconnected mitochondrial network upon CCCP treatment, suggesting that functional Drp1 adaptors are required ( Figs 3A,B) . Furthermore, gene-edited MEFs were directly tested for sensitivity or resistance to apoptotic stimuli using etoposide (Fig. 3C,D) . Imaging analysis of cells treated with etoposide (20 μM etoposide, 20 μM QVD, 8 h) revealed that ΔMiD49/51/Mff, ΔMiD49/51/Mff/ Fis1 and ΔDrp1 MEFs preferentially retained cytochrome c (Fig. 3C) . Although knockout of a single adaptor (MiD49, MiD51 or Mff ), conferred some resistance to cell death [fluorescenceactivated cell sorting (FACS) analysis; 20 μM etoposide for 16 h], the greatest resistance was observed in cell lines lacking multiple adaptors (ΔMiD49/51, ΔMiD49/51/Mff and ΔMiD49/51/Mff/Fis1; Fig. 3D ). These findings are supported by biochemical data in which cell lines lacking MiD49 and MiD51, MiD49, MiD51 and Mff, and all four adaptors appear to retain more cytochrome c in the heavy membrane fraction than those lacking a single adaptor, with cytochrome c levels in the pellet fraction comparable to levels in ΔDrp1 MEFs (Fig. 3E,F) .
Proximity-based labeling analysis of MiD51, Mff and Fis1
MiD51 and Mff can independently recruit Drp1 to mitochondria and promote mitochondrial fission (Koirala et al., 2013; Loson et al., 2013; Palmer et al., 2013) . To address the involvement of other proteins in this process, we employed a proximity-based labeling technique, BioID (Roux et al., 2013) , to determine proteins in close proximity to the adaptors. MiD51 was tagged with BirA* (MiD51-BirA*-HA) and stably expressed in ΔMiD51/MiD49 MEFs (as the MiD proteins are functional redundant, ΔMiD51/ MiD49 MEFs were selected to ensure MiD49 did not inhibit protein interactions with MiD51-BirA*) (Fig. 4A ). MiD51
ΔPEYFP
(MID51
ΔPEYFP -BirA*-HA), which lacks the Drp1 recruitment loop (Richter et al., 2014) , was also tagged with BirA* and used as a negative control. Both fusion proteins localized to mitochondria, where MiD51 had a punctate localization and induced mitochondrial fragmentation, in contrast to MiD51 ΔPEYFP . To ensure that the expression of MiD51 construct was not too high as to induce a fission block (Palmer et al., 2013 (Palmer et al., , 2011 , we generated single-cell clones and attenuated the expression of MiD51-BirA* through a 4-hydroxytamoxifen (4-OHT)-inducible promoter. Protein levels were analyzed by western blotting to ensure that expression of the BirA* fusion proteins was not excessive when compared to endogenous levels (Fig. S3A) . Although the levels of MiD51-BirA* were greater than endogenous levels, the fusion proteins were not at sufficient levels to cause the dominant-negative phenotype that is associated with MiD51 overexpression (resulting in elongated mitochondrial tubules). In fact, the levels of MiD51-BirA* caused mitochondrial fragmentation (Fig. 4A) , which is associated with low-level MiD51 activity (Palmer et al., 2011) . Expression of MiD51 ΔPEYFP -BirA* was unable to alter the morphology of ΔMiD49/51 MEFs as it is fission incompetent. Biotin was added to the medium for labeling followed by quantitative label-free liquid-chromatography mass spectrometry (LC-MS) analysis of the purified biotinylated proteins (Table S1 ). Although many mitochondrial outer membrane proteins were detected, surprisingly only Drp1 and Mff were significantly enriched when comparing MiD51 against MiD51 ΔPEYFP (Fig. 4B ). This result supports other findings showing that MiD51 and Mff might assemble with Drp1 at the same fission foci (Elgass et al., 2015) . Interestingly, no ER proteins were found to be enriched in this analysis.
Next, we applied this technique to Mff. We fused BirA*-FLAG to the N-terminus of Mff (BirA*-FLAG-Mff ) and stably expressed it in ΔMff MEFs. A two-repeat mutant of Mff (Mff 2RM ) that does not recruit Drp1 (Strack and Cribbs, 2012) was also fused to BirA* and used as a control (BirA*-FLAG-Mff 2RM ). Both fusion proteins were localized to mitochondria and peroxisomes, and only the wildtype construct restored (Drp1-mediated) fission activity (Fig. 4C) . We verified that the expression of the endogenous protein was comparable to that of the BirA* fusion proteins (Fig. S3B) . We found that BirA*-Mff was able to rescue both the mitochondrial and peroxisomal phenotypes associated with the ΔMff MEFs, whereas the inactive mutant BirA*-Mff 2RM was not. Biotin labeling followed by quantitative LC-MS analysis of biotinylated proteins (Table S2) revealed that BirA*-Mff significantly biotinylated Drp1 compared to the Mff 2RM control (Fig. 4D ). In this case, endogenous MiD51 was not detected in the samples. This might be due to the low levels of this protein in cells (Wang et al., 2012) and/or a poor ability to detect the protein by mass spectrometry approaches. To test this, the relative abundance of mitochondrial MiD49, MiD51, Mff and Fis1 was analyzed using recombinant proteins as a standard curve ( Fig. S4A-D) . MiD49 (1.5±0.5 ng) and MiD51 (3.2±0.5 ng) were found to exist in relatively low abundance in MEFs compared MEFs were transfected with either MiD49-GFP, MiD51-GFP, GFP-Fis1 or GFP-Mff. Cells were stained with Hoechst 33258 (blue) and immunostained for Tom20 (top panels) or cytochrome c (bottom panel) (red) and either Drp1 or Pex14 (gray) as indicated and imaged with confocal microscopy. Scale bars: 20 μm. Insets show a magnified view of the boxed region; in C, line-scans (15 µm) from the position indicated in the image are also shown to determine colocalization of GFP-tagged adaptors (green) with Drp1 (red).
to that of Fis1 (18±8 ng) and Mff (386±108 ng) (mean±s.e.m.; n=3). Interestingly, the levels of the adaptors varied between other cell lines and tissues, potentially reflecting different regulatory requirements.
The role of Fis1 as a Drp1 adaptor has been questioned (Koirala et al., 2013; Otera et al., 2010) . Given that the BioID approach successfully confirmed that Drp1 is in close proximity to Mff and MiD51, we reasoned that this was a valid approach to investigate whether Fis1 can do the same. BirA* was fused to the N-terminus of Fis1 (BirA*-FLAG-Fis1) and stably expressed in ΔFis1 MEFs. As can be seen (Fig. 4E) , the fusion protein was localized to mitochondria. As a negative control, BirA* fused to the transmembrane domain of Fis1 was employed (BirA*-FLAGFis1 TMD ; here, there is no suitable non-binding mutant control) and was stably expressed in control MEFs. Although the levels of BirA*-Fis1 were greater than the endogenous Fis1 levels (Fig. S3C) , the mitochondria remained in reticular form (Fig. 4E) , indicating that the levels were not excessive. Biotin labeling followed by quantitative LC-MS analysis of biotinylated proteins revealed no enrichment of any proteins in Fis1-BirA*-expressing cells relative to control at the threshold levels seen for MiD51 and Mff ( Fig. 4F ; Table S3 ). One protein showing slight enrichment with Fis1-BirA* was TBC1D15, which has been shown to interact with Fis1 during mitophagy (Shen et al., 2014; Yamano et al., ΔPEYFP (schematics at top) were expressed in ΔMiD49/51
MEFs, stained with Hoechst 33258 (blue) and immunostained using antibodies against the HA tag (green) and Tom20 (red). (B) BioID proximity labeling and enrichment of proteins in BirA*-MiD51 relative to BirA*-MiD51
ΔPEYFP
. A Student's t-test was performed on the log-transformed LFQ intensities from three biological replicates of MiD51 and MiD51
ΔPEYFP enrichments, and plotted against the difference between the mean log-transformed intensities. The thresholds for enriched were set at P≤0.05 and t-test difference at >1.5 (log 10 LFQ intensities). 2014). We hypothesize that because BioID was not performed under mitophagy-inducing conditions the association of TBC1D15 and Fis1 only occurred at background levels (Table S3 ). Overall, BioID followed by LC-MS supports that MiD51 and Mff are adaptors for Drp1 and they can exist in close proximity at the mitochondrial surface.
MiD51 and Mff exert opposing effects on Drp1 GTPase activity
As we could detect MiD51, Mff and Drp1 in close proximity, and these proteins might exist in the same scission foci (Elgass et al., 2015) , we sought to investigate whether the two adaptors regulate Drp1 GTPase activity. To do this we designed a robust in vitro system of measuring Drp1 GTPase activity by tethering His-tagged cytosolic domains of adaptor proteins (MiD51 ΔN118 and Mff ) and 94% di-oleoyl phosphatidylcholine (DOPC)} termed Niliposomes. For both MiD51 and Mff, the His tags were located in place of the transmembrane region, mimicking the orientation of the mitochondrial-anchored native forms. In the presence of MiD51, Drp1 GTPase activity was substantially inhibited (Drp1, k cat =21.9 min −1 and Drp1+MiD51, k cat =4.9 min −1 ; Fig. 5A ,B). The inhibition was dependent on the presence of the PEYFP loop of MiD51 needed for Drp1 recruitment (Richter et al., 2014 ) (Drp1+MiD51 ΔPEYFP : k cat =20.3 min −1 ; Fig. 5A,B) . In contrast to MiD51, and as recently reported (Clinton et al., 2015; Macdonald et al., 2015) , Mff stimulated Drp1 GTPase activity (Drp1+Mff: k cat =40.4 min −1 ). The opposing effects of MiD51 and Mff on Drp1 GTPase activity suggest a divergence in the roles of the adaptors in fission foci. To analyze the effect of co-assembly between the adaptors, we monitored the GTPase activity of Drp1 following the addition of stoichiometric amounts (0.5 μM) of Mff or MiD51, and subsequently added the second adaptor 4.5 min later. When Mff was added after MiD51, it was unable to stimulate Drp1 GTPase activity (Fig. 5C ). However, when MiD51 was added after Mff, stimulation of Drp1 GTPase activity was suppressed (Fig. 5D) . Although MiD51 is able to bind ADP (Losón et al., 2014; Richter et al., 2014) , addition of ADP to in vitro GTPase assays containing Mff and/or MiD51 did not alter the ability of these adaptors to promote or restrict the GTPase ability of Drp1 respectively (Fig. 5D) . These results indicate that the two adaptors, MiD51 and Mff can regulate Drp1 GTPase activity on the lipid surface in opposing directions, and therefore have distinct and complementary roles in Drp1-mediated mitochondrial fission.
DISCUSSION
Although it has been established that Mff, MiD49, and MiD51 recruit Drp1, how these adaptors interact with each other and other proposed molecules (including Fis1) in mitochondrial fission is not well understood. By creating MEFs that lack Drp1 adaptors, we were able to more precisely probe the importance of these proteins in Drp1-mediated fission. The levels of these proteins in MEFs appear to vary greatly, with Mff being the predominant adaptor at mitochondria. However, the concentrations of adaptors within actual fission foci has yet to be determined. Indeed, loss of any single adaptor (MiD49, MiD51 or Mff ) or Fis1 did not appreciably affect the amount of Drp1 found at the mitochondrial surface. This is consistent with the redundant nature of the Drp1 adaptors regardless of the relative amount of endogenous adaptor present on mitochondria (Koirala et al., 2013; Otera et al., 2010; Palmer et al., 2013) . Several studies have concluded that Mff is the major receptor for Drp1 (Liu and Chan, 2015; Loson et al., 2013; Otera et al., 2010) ; however, the degree of mitochondrial elongation in ΔMff MEFs was similar to that seen in ΔMiD51 or ΔMiD49/51 MEFs. Recently, it has been found that mice lacking Mff can live for up to 13 weeks and eventually die from cardiomyopathy due to mitochondrial fission defects (Chen et al., 2015) . This phenotype is significantly milder than the embryonic lethality seen for Drp1-knockout mice (Ishihara et al., 2009; Wakabayashi et al., 2009) , suggesting that mitochondrial fission can take place in other tissues lacking Mff (Chen et al., 2015) . Mff might also play an important role in neurons given its ability to efficiently stimulate the GTPase activity of the brainspecific Drp1 isoform compared to the ubiquitously expressed isoform (Macdonald et al., 2015) .
Recent data indicates that Mff and the MiDs can exist in the same fission foci that also contact the ER (Elgass et al., 2015; Friedman et al., 2011) . In our BioID experiment using MiD51 fused with BirA*, we were able to confirm that both MiD51 and Mff are in close proximity to Drp1 under basal cellular conditions. Surprisingly, we did not detect members of the mitochondrial constriction machinery, including ER scaffolding proteins such as Syn17, INF2 and Spire1 in close proximity to MiD51 or Mff (Arasaki et al., 2015; Korobova et al., 2013; Manor et al., 2015) . A potential explanation for this is that the criteria for enrichment in our BioID analysis was quite stringent because any proximity labeling seen in MiD51 or Mff mutants defective in Drp1 binding was treated as background. Thus, we might have biased against any interactions with adaptors that are independent of Drp1. Given this, when compared against the BioID experiments using Fis1 or BirA* that was associated with the mitochondrial outer membrane (Fis1   TMD   ) , we saw an enrichment of cytoskeletal components (including myosin and actin) in the Mff and MiD51 proximity-labeling experiments (data not shown). Current models suggest that actinmyosin fibers might assemble from the ER platform to engage at mitochondrial constriction sites (Ji et al., 2015; Korobova et al., 2013; Li et al., 2015) . Thus, the relative distance of adaptor proteins from the ER machinery and the crowding of cytoskeletal proteins inbetween might provide a substantial barrier to prevent activated biotin from cross-linking to ER components. Attempts to enhance biotinylation of other potential fission components by adding the mitochondrial uncoupler CCCP and shortening the time-frame of the biotin addition did not yield additional proteins to those previously detected (data not shown).
During apoptosis, Drp1 binding to mitochondria is increased and occurs concurrently with Bax translocation, upstream of caspase activation and cytochrome c release (Hoppins and Nunnari, 2012; Karbowski et al., 2002) . What remains unclear, however, is whether the adaptors that mediate Drp1 recruitment under normal cell homeostasis perform the same role upon the initiation of apoptotic signaling (Scorrano, 2009 ). MiD49 and MiD51 appear to be important in the apoptotic recruitment of Drp1 to the mitochondrial surface, although apoptosis can still proceed in their absence. Like Drp1-knockout cells (Ishihara et al., 2009) , cell lines lacking all known adaptors retained significantly more cytochrome c within mitochondria following apoptotic induction than MEFs lacking only a single adaptor. Recently, McBride and colleagues found that Drp1 oligomer formation facilitates cristae remodeling and Baxand Bak-mediated cytochrome c release following apoptotic activation (Prudent et al., 2015) . The apoptotic protection afforded by loss of adaptor proteins in cells might result from impaired formation of the Drp1 oligomer.
During manuscript revisions, Mihara and colleagues independently detailed the apoptotic resistance of Mff, and MiD49 and MiD51 gene-edited MEFs (Otera et al., 2016) . Similar to results obtained here, MiD49 and MiD51 doubleknockout MEFs retained more cytochrome c within mitochondria than either wild-type or single MiD-knockout MEFs (Otera et al., 2016) . In contrast, MEFs lacking Mff were not resistant to cytochrome c release following actinomycin D treatment (Otera et al., 2016) . Otera and colleagues (2016) concluded that loss of MiD49 and MiD51 impairs Opa1-dependent cristae remodeling during apoptosis. Although we also observed some apoptotic resistance in the ΔMiD49/51 MEFs, we saw greater resistance in ΔMiD49/51/Mff and ΔMiD49/51/Mff/Fis1 MEFs, suggesting an additive effect of Mff in apoptotic resistance and/or variable responses to different apoptotic stimuli.
The role of Fis1 as a bona fide Drp1 adaptor has been controversial, with recent reports downplaying the role of Fis1 in homeostatic fission, and assigning it a more pronounced role in stress or chemical-induced mitochondrial division and mitophagy (Shen et al., 2014; Yamano et al., 2014) . Our results support Fis1 as not being intrinsically involved in homeostatic fission. Loss of Fis1 in MEFs did not induce obvious morphological changes to the mitochondrial or peroxisomal networks and unlike Mff or MiD51, the BioID approach showed no indication that Fis1 was in proximity to Drp1. However, ΔFis1 MEFs displayed some apoptotic resistance and the possibility exists that Fis1 acts during stress-or apoptoticmediated fragmentation (Gomes and Scorrano, 2008; Shen et al., 2014; Wang et al., 2012) .
It is not clear how the adaptors engage with Drp1 in fission and this is exacerbated by different conclusions made regarding the oligomeric state at which Drp1 is recognized. For example, Clinton and colleagues recently concluded that Mff recruits dimeric Drp1 for subsequent assembly (Clinton et al., 2015) , whereas Liu and Chan concluded the opposite, namely that Drp1 oligomers are selectively recruited by Mff (Liu and Chan, 2015) . Likewise, one study has found that MiD49 and MiD51 could not sequester assembly-defective forms of Drp1 (Palmer et al., 2011) whereas another study has shown that MiD49 and MiD51 could recruit assembly-deficient, dimeric Drp1 (Liu and Chan, 2015) . Disparity in function between adaptors also lies in the opposing effects on Drp1 GTPase activity at the membrane -Drp1 GTPase activity is inhibited by MiD proteins whereas Mff stimulates it. This is consistent with other recent studies (Clinton et al., 2015; Macdonald et al., 2015) . Taken together, these results present intriguing roles for MiD49, MiD51 and Mff -although they can both recruit Drp1 to mitochondria, they have functional divergence in regulating Drp1 GTPase activity. Although the inhibitory effect that MiD51 exerts on the GTPase activity of Drp1 was significantly stronger than the stimulatory effect seen by Mff, the stoichiometry of these molecules at mitochondrial fission sites and their mode of regulation (Chen et al., 2015; Loson et al., 2013; Palmer et al., 2013 Palmer et al., , 2011 ) is unclear. Based on these and other studies, a possible scenario is that MiD49 and MiD51 engages with, and facilitates, Drp1 assembly at the mitochondrial outer membrane by inhibiting GTPase activity. Given that Mff stimulates Drp1 GTPase activity, this points to its role in the constriction phase of fission . Because MiD51, Mff and Drp1 are present in close proximity, possibly in the same fission complex, the adaptors might also facilitate Drp1 cycling at the membrane. The transition from MiD51-dependent inhibition to Mff-dependent stimulation of Drp1 GTPase activity might be dependent on stoichiometric levels of the adaptors at the membrane. The presence of additional signals to mediate the transition is also likely. Although much detail is still to be worked out, the redundant nature of the adaptors indicates that Drp1 can function independently of either regulatory step or that additional proteins play similar roles. For example, actin has recently been shown to assemble with Drp1, and like Mff, stimulate the GTPase activity of Drp1 (Ji et al., 2015) . Furthermore, sequestration of Drp1 at mitochondria upon MiD49 or MiD51 overexpression also recruits actin (Palmer et al., 2011) . Additional proteins (including ER components) might substitute for the role of MiD49 and MiD51 in regulating Drp1 activity under some situations, including in non-chordate metazoans that only contain Mff.
MATERIALS AND METHODS
Generation of gene-edited MEFs
Mouse embryonic stem cell (ESC) lines containing a gene-trap disruption of smcr7 (MiD49) were obtained from the Knockout Mouse Project (KOMP) Repository ( project ID: VG10452). The ESCs were injected into blastocysts to generate mouse lines in C57Bl/6N mice (Australian Phenomics Network). MEFs lacking MiD49 were generated from mid-gestation (E10.5 day) embryos from heterozygotes mating pairs. All experiments were performed in accordance with Animal Ethics Committee approval (Monash and La Trobe Universities).
TALEN pairs were generated against the following genes in the indicated genomic regions: Mff target site, exon 1, 5′-GCTGAGATGGCAGAA-3′; and Fis1 target site, exon 2, 5′-AGAATTTTGAAAGGAAATTTC-3′. ΔDrp1 MEFs were generated using the CRISPR/Cas9 system (Ran et al., 2013) . The target site was determined through gene analysis using CHOPCHOP (Montague et al., 2014) . The Drp1 target site was exon 1, 5′-GCAGGACGTCTTCAACACAG-3. TALEN pairs for MiD51 were as reported previously (Richter et al., 2014) . TALEN and CRISPR/Cas9 cell lines were sorted through fluorescence (GFP and mCherry for TALEN pairs, GFP for CRISPR/Cas9) flow cytometry to give single cells to ensure clonality. Genomic verification of all cell lines was performed as reported previously (Stroud et al., 2013) . Control MEFs were used as controls. The indels generated are shown in Fig. S1 .
Cell culture, transfections and drug treatments
All MEF lines were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) and penicillinstreptomycin, and were maintained at 37°C in an atmosphere of 5% CO 2 . Transient transfections of MEF cells were performed using Lipofectamine LTX with Plus Reagent or Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. Cell lines were routinely tested for mycoplasma contamination using PlasmaTest (InvivoGen).
Antibodies, chemicals and plasmids
Commercial antibodies used were anti-Drp1 (1:500, catalogue number: 611738, BD Biosciences), anti-Opa1 (1:500, catalogue number: 612606, BD Biosciences), anti-cytochrome c (1:500, native epitope: 556432, denatured epitope: 556433, BD Biosciences), anti-MiD51 (1:500, catalogue number 20164-1-AP, Proteintech), anti-Tom20 (1:500, catalogue number 11415, Santa Cruz Biotechnology) and anti-SDHA (1:500, catalogue number 14715, Abcam) antibodies. These antibodies have been validated previously (Palmer et al., 2013; Richter et al., 2014) . Polyclonal antibodies against Fis1, Hsc70, Mff and MiD49 were raised inhouse and have been reported previously (Richter et al., 2014; Stojanovski et al., 2004) . Polyclonal antibodies were raised against Bak (lacking the transmembrane domain) and used at a dilution of 1:1000.
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Sigma) was used at a final concentration of 20 μM for 2 h at 37°C. Etoposide (Sigma) was used at a final concentration of 20 μM for 16 h at 37°C for FACS and western blot analysis, and for 8 h for mitochondrial morphology analysis. QVD (Sigma) was used at a final concentration of 20 µM.
MiD49-GFP, MiD51-GFP, mt-GFP, GFP-Mff, GFP-Fis1 and GFPSec61 plasmids have been previously reported (Elgass et al., 2015; Palmer et al., 2011; Stojanovski et al., 2004) . MiD51 constructs were first cloned into pcDNA3.1 MCS-BirA(R118G)-HA (a gift from Kyle Roux, Sanford Children's Health Center, Sanford Research, Sioux Falls, SD; Addgene plasmid #36047). For lentiviral expression, open reading frames (ORFs) of mouse MiD51-BirA*-HA and mouse MiD51
ΔPEYFP -BirA*-HA were cloned into the pF 5xUAS MCS SV40 vector using BglII and XbaI. For retroviral expression, ORFs of BirA*-Flag-human-Mff (isoform 8), BirA*-Flag-human-Mff 2RM (isoform 8) and BirA*-Flag-human-Fis1 were cloned into pMX-IRES-GFP vector using the EcoRI and SalI sites. For bacterial expression and purification, ORFs of MiD51 (119-463) and ΔPEYFP were cloned in pET10N vector using the NotI and BamHI sites, whereas ORFs of Mff ΔC20 were cloned into pET28a(+) using the NcoI and XhoI sites.
Proximity-labeling experiments using BioID
Generation, selection and induction of 4-hydroxy-tamoxifen-inducible MEF cell lines (for MiD51 constructs) were performed as previously described (Richter et al., 2014) . Retrovirally transduced cells (for Mff and Fis1 constructs) were generated as previously described (Lazarou et al., 2015) . Transduced cells expressing BirA*-tagged proteins were grown in two 15-cm tissue culture plates at 70-90% confluency in DMEM containing 10% (v/v) FBS and 50 µM biotin (Sigma-Aldrich) for the labeling time period. For each sample, three replicates were cultured. The cells were then harvested, and total protein levels of all replicates equalized by protein estimation using a BCA protein assay kit (Pierce). The cell pellet was frozen at −80°C. Pellets were resuspended and solubilized in 1 ml RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM EGTA and 0.1% SDS), supplemented with 1× protease cocktail inhibitor (Roche), 0.5% sodium deoxycholate and 250 U of benzonase (Sigma-Aldrich). Lysis was performed at 4°C for 1 h with shaking. The lysates were sonicated on ice at 30% amplitude (3×10 s bursts with 2 s rest in between). The lysates were centrifuged for 30 min at 20,000 g for 30 min at 4°C. The cleared lysate was then incubated with Streptavidin-mag beads (Pierce) for 3 h at 4°C. The beads were separated using a magnet and washed two times with RIPA lysis buffer followed by two washes with TAP lysis buffer (50 mM HEPES-KOH pH 8.0, 100 mM KCl, 10% glycerol, 2 mM EDTA, 0.1% NP-40) and three 1 ml washes with 50 mM ammonium bicarbonate pH 8.0. Proteins bound to the beads were digested with 5 µg/ml trypsin at 37°C overnight. The supernatant was harvested and beads were washed two times with 50 mM ammonium bicarbonate pH 8.0, and washes were pooled together with the supernatant. The pooled tryptic digest was lyophilized and resuspended in 8 M urea, 50 mM ammonium bicarbonate and acidified with 1% (v/v) trifluoroacetic acid (TFA) prior to desalting on SDB-XC (Empore) StageTips as previously described (Rappsilber et al., 2007) .
Mass spectrometry
Peptides were analyzed by online nano-high-pressure liquid chromatography (HPLC) electrospray ionization-tandem mass spectromery (MS/MS) on an LTQ-Orbitrap Elite Instrument (MiD51) or Q Exactive Plus (Mff and Fis1) connected to an Ultimate 3000 HPLC (Thermo-Fisher Scientific). For the MiD51 experiments, chromatography and mass spectrometry acquisition parameters were as previously described (Formosa et al., 2015) . For Mff and Fis1 experiments, peptides reconstituted in 0.1% TFA and 2% acetonitrile (ACN) were loaded onto a trap column (Acclaim C 18 PepMap nano Trap×2 cm, 100 μm I.D., 5-μm particle size and 300-Å pore size; Thermo-Fisher Scientific) at 15 μl/min for 3 min before switching the precolumn in line with the analytical column (Acclaim RSLC C 18 PepMap Acclaim RSLC nanocolumn 75 μm×50 cm, PepMap100 C18, 3-μm particle size, 100-Å pore size; Thermo-Fisher Scientific). The separation of peptides was performed at 250 nl/min using a non-linear ACN gradient of buffer A (0.1% formic acid, 2% ACN) and buffer B (0.1% formic acid, 80% ACN), starting at 2.5% buffer B to 42.5% over 60 min. Data were collected in positive mode using a Data Dependent Acquisition m/z of 375-1800 as the scan range, and higher-energy collisional dissociation (HCD) for MS/MS of the 12 most intense ions with z ≥2. Other instrument parameters were: MS1 scan at 70,000 resolution (at 200 m/z), MS maximum injection time 50 ms, AGC target 3E 6 , normalized collision energy at 27% energy, isolation window of 1.8 Da, MS/MS resolution of 17,500, MS/MS AGC target of 1E 5 , MS/MS maximum injection time of 100 ms, minimum intensity set at 1E 3 and dynamic exclusion set to 20 s. For data analysis, Thermo raw files were analyzed using the MaxQuant platform (version 1.5.3.17) searching against the Uniprot mouse database containing reviewed canonical isoforms in FASTA format (June 2015; 16,725 entries) , the human sequences for bait proteins Mff and Fis1, and a database containing common contaminants, by the Andromeda search engine (Cox et al., 2011) . Default settings for label-free quantification (LFQ) were used with modifications. Briefly, N-terminal acetylation and methionine oxidation were used as variable modifications. False discovery rates of 1% for proteins and peptides were applied by searching a reverse database, and 'Re-quantify' and 'Match between runs' options were enabled. Unique and razor peptides were used for quantification, using a minimum ratio count of one. 'Label-free quantification' was turned on, with the 'LFQ min. ratio count' set to one. Data analysis was performed using the Perseus software (version 1.5.2.6). Only proteins with a sequence coverage of >5%, more than one unique peptide and valid values in at least two out of three replicates ( per experimental group) were considered for data analysis. A one-tailed Student's t-test was performed between control (MiD51 PEYFP -BirA*, BirA*-Mff 2RM or BirA*-Fis1 TMD ) and bait (MiD51-BirA*, BirA*-Mff or BirA*-Fis1) experimental groups.
Bacterial expression and purification Drp1
Drp1 was purified with an N-terminal CBP tag and expressed in BL-21 CodonPlus expression cells (Agilent) following IPTG induction. Cells were lysed and affinity purified using calmodulin-agarose beads (G-Biosciences). Drp1 was further purified by ion-exchange chromatography using DEAESepharose™ Fast Flow beads (GE Healthcare Life Sciences) to yield highpurity Drp1.
MiD51 variants
pET10N-MiD51 and pET10N-MiD51
ΔPEYFP were expressed in BL-21 CodonPlus expression cells (Agilent) following IPTG induction. Cells were lysed and purified by Immobilized Metal Affinity Chromatography (IMAC) using Ni-NTA agarose beads (Qiagen) followed by removal of contaminating proteins by size-exclusion chromatography (Superdex™ 200 16/60 HiLoad; GE Healthcare Life Sciences) to yield high-purity MiD51 and MiD51 ΔPEYFP .
MiD49
pQE-30-mouse MiD49
ΔN50 was expressed in XL-1 Blue E. coli cells following IPTG induction. Cells were lysed and purified by IMAC using Ni-NTA agarose beads followed by removal of contaminating proteins by sizeexclusion chromatography (Superdex™ 200 16/60 HiLoad; GE Healthcare Life Sciences) to yield high-purity MiD49.
Mff pET28a(+)-Mff (isoform 8) was expressed in BL-21 Codon Plus E. coli cells following IPTG induction. Cells were lysed and purified by Immobilized Metal Affinity Chromatography (IMAC) using Ni-NTA agarose beads (Qiagen) followed by removal of contaminating ∼70-kDa migrating species by ion-exchange chromatography (mono Q 5/50 GL; GE Healthcare Life Sciences), to yield high-purity Mff.
GST-Fis1
pGEX-4T-1-Fis1
ΔTMD was expressed in BL-21-CodonPlus expression cells following IPTG induction. Cells were lysed and purified by affinity purification using glutathione-agarose resin to yield high-purity GST-Fis1 TMD .
GTPase assays
Stoichiometric amounts of Drp1 adaptors (0.5 µM) were pre-incubated on Ni-liposomes [6% DGS-NTA (Ni 2+ ), 94% DOPC; Avanti Polar Lipids] liposomes for 15 min followed by Drp1 incubation for a further 15 min at room temperature before GTP was added to initiate the reaction at 37°C over a defined time using the GTPase assay previously described (Macdonald et al., 2014) . Additional adaptors and variants were added at 4.5 min and 20 µm ADP added at 8.5 min when required.
Mitochondrial isolation and western blotting
Mitochondrial isolation and separation of proteins by Tris-Tricine SDS-PAGE was performed as previously described (Johnston et al., 2002) . Signals were detected on PVDF membrane using ECL chemiluminescent substrate (BioRad) on a BioRadXRS + ChemiDoc system with Image Lab software (BioRad).
Immunofluorescence assays
Cells were fixed with 4% (w/v) paraformaldehyde in PBS ( pH 7.4), permeabilised with 0.2% (w/v) Triton X-100 in PBS and incubated with primary antibodies for 60 min at room temperature. Primary antibodies were labeled with either Alexa-Fluor-488, Alexa-Fluor-568-or Alexa-Fluor-647-conjugated anti-mouse-IgG or anti-rabbit-IgG secondary antibodies (Molecular Probes). F-actin was stained using a phalloidin-FITC conjugate (Thermo-Fisher). Hoechst 33258 (1 μg/ml) was used to stain nuclei.
Microscopy
Confocal microscopy was performed on either a Leica TCS SP5 5 channel confocal microscope or a Leica TCS SP8 equipped with HyD detectors using a 63× oil immersion objective. All images were processed using ImageJ (Schneider et al., 2012) , MetaMorph software (Visitron Systems) or Leica AF processing software (Leica). Colocalization statistics were obtained using the image in its entirety (single planes) and are presented as Pearson correlation units (r). Images in all experimental groups were obtained using the same settings, except for detector gain adjustments on the Leica TCS SP5 microscope and accumulation time on the Leica TCS SP8 microscope. When required, z-sectioning was performed using 1-μm slices. Colocalization of GFP and Alexa Fluor 568 signals were determined using 15-μm linescans using Metamorph software (Visitron Systems).
Live-cell imaging
To detect ER-mitochondrial contact sites, cells were transfected with GFPSec61, stained with 25 nM Mito-Tracker Red (Thermo-Fisher) and imaged in DMEM containing 10% (v/v) FBS and maintained at 37°C under an atmosphere of 5% CO 2 . Fluorescence recovery after photobleaching (FRAP) was performed using the FRAP wizard on the Leica TCS SP5 confocal microscope. Cells were imaged in DMEM containing 10% (v/v) FBS and maintained at 37°C under an atmosphere of 5% CO 2 . Photobleaching of the GFP signal was achieved using a 488 nm laser at 100% power for 200 ms (sufficient to achieve 10-20% of the starting fluorescence signal). Subsequent recovery of the GFP signal was monitored over 60 s at 15% laser power.
Fluorescence-activated cell sorting
MEFs were harvested and resuspended in annexin-binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl 2 , 25 mM CaCl 2 ) and stained for 30 min with 250 μg/ml annexin-V-FITC and 50 μg/ml propidium iodide prior to analysis on a FACS Calibur (Becton Dickinson).
Statistical analysis
Data were generated from a minimum of three independent experiments. Statistical analysis was performed using Microsoft Excel or Prism. For all graphs and traces in Figs 1-3, Figs S2 and S3, error bars represent the mean±s.e.m. For Fig. 5 , error bars represent the mean±s.d. All other data where possible and appropriate were analyzed using a Student's t-test. Significance is expressed as *P<0.05, **P<0.005, ***P<0.0005.
